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ABSTRACT

In this thesis, | study the reconfigurable meta-material structures and their applications in the field of
antennas and microwave devices in both microwave and millimeter waves. This thesis is written with a

paper-based strategy, and the organization of the thesis is as follows.

Chapter 1 is an introduction to meta-materials, their history and their antenna applications in the literature.

Chapter 2 is based on the paper, “Reconfigurable Meta-material Unit-cell with Controllable Refractive
Index" by R. Amiri, B. Zarghooni, A. Dadgarpour, Pourahmadazar, J and T.A. Denidni. This Chapter
presents a new meta-material unit cell with a potential reconfigurable geometry that can provide a
controllable refractive index in the frequency range of 1-4 GHz. | have presented a proof of concept design
where instead of the real PIN-diodes open circuits (for the OFF state) and metallic strips (for the ON state)
are used. This design is simulated in HFSS, and the resulting S-parameters are utilized in a well-known
extraction algorithm (explained in Appendix A) to calculate the refractive index. The presented topology is
capable of providing a difference of An=1.5 at the frequency of 2.45 GHz which is useful for future

advanced beam-tilting applications.

The focus of Chapter 3 is on a unit-cell designed in the millimeter-wave frequency range. This Chapter is
based on the paper "Anisotropic Meta-material Unit-cell for Millimeter-Wave Applications™ by R. Amiri,
B. Zarghooni, J. Pourahmadazad, A. Dadgarpour and T. A. Denidni. The unit-cell that I presented in this
Chapter does not use reconfigurable elements such as PIN-diodes. Instead, it utilizes four S-shaped metallic
strips to provide an anisotropic structure that can show two different refractive indexes if the direction of
the arrival wave changes. This unit-cell is simulated using HFSS, and the corresponding S-parameters are
utilized in the Kramer-Kronig algorithm to extract the refractive index. According to the results, if the
electromagnetic wave arrives from a certain direction, it can produce a maximum difference of An=2.5 in

the refractive index of the structure compared to the case where the wave arrives from the transverse
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direction. At the end of this Chapter, a potential scenario is qualitatively explained where this property of

the unit-cell can be useful in beam switching applications.

Chapter 4, explains the fabrication and validation procedure of two paraffin-based dielectric lenses that are
essential for the measurement of the S-parameters of meta-material unit cells. A molding process is used to
fabricate these lenses, and a well-known SRR (Split Ring Resonator) design is used to test them. The SRR
unit cell is fabricated in three different frequency bands, and according to our results, the lens is effective

up to 15 GHz.

Finally, Chapter 5 concludes the thesis and explains the summary as well as the link between each research
topic with more details. This Chapter also provides the future work based on the investigations that are

conducted in this thesis.
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CHAPTER ONE: INTRODUCTION

1.1 Artificial Material

The research on “artificial materials” started its infancy level by [1] where the author launched a microwave
experiment twisted objects, namely, artificial chiral elements, back in 1898 as a significant scientific
breakthrough. Later on, the task was pursued by Lindman who embedded randomly oriented helices into a
host medium in 1914 [2]. Next, the lightweight microwave lenses were fabricated by Kock back in 1948
[3]. In recent years the scope of research in this field has been expanded to the construction of structures,
named meta-materials, with physically realizable response functions which may or may not exist in nature.
As a practical example, these artificially fabricated inclusions can be used to increase the gain in antennas
by inducing electric and magnetic moments which in turn impel negative dielectric coefficient to the
construction. Meta-materials are also called “left-handed” media [4-5,6]; “backward-wave media” (BW
media) [7]; and “double-negative (DNG)”” meta-materials [8], at different parts of literature. The basic and
straightforward idea behind synthesis of meta-materials is to embed constructions with specific geometric
shapes and forms into a host media. Research topics related to this field fall into different and diverse
categories, namely, double-negative (DNG) materials, chiral materials, omega media, wire media, bi-
anisotropic media, linear and nonlinear media, and local and nonlocal media, which still hold many open

problems that acquire more and more reflection.

As mentioned in advance, the macroscopic features of the bulk composite, so called “medium,” can be
affected by the inclusions which are embedded into it. Relying on a very simple idea meta-materials give
the designers and researchers a tremendous amount of degree of freedom for choosing the size and shape
of constructions, the properties of the host materials, the composition of the inclusions, the density,
arrangement, and alignment of the inclusions above, etc. In the same line of reasoning, they have too many
independent parameters to tackle with it. How to assign proper values for all of these parameters brings in
many trade-offs regarding efficiency, gain, cost, size, etc., which affect the outcome of the synthesis process
extensively. Hence, the optimal choice of these parameters in a great endeavor for both research and
industrial institutions. Here is a classification of media based on the pertaining values of permittivity (the
ability of a substance to store electrical energy in an electric field) and permeability (a quantity measuring
the influence of a substance on the magnetic flux in the region it occupies) provided in [9]. While the

magnetic dipoles stem from moments about current loops, they can be described by magnetic charge and
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current analogs of the electric cases. So materials can be described by their permittivity or permeability

considering the scenario and availability of data.

Table 1.1 Material classifications

Media permittivity | permeability | Examples in nature
Double Positive Medium (DPS) e>0 u>0 Dielectrics
Epsilon-Negative Medium (ENG) <0 u>0 Plasmas
Mu negative Medium (MNG) e>0 u<o Gyrotropic Magnetic Materials
Double Negative Medium (DNG) <0 u<0 |-

At certain frequencies, the electric and magnetic fields induced by the inclusions to the host medium can
result in negative permittivity and permeability. It is evident that such material does not exist in real nature,
but there are certain advantages brought by the discovery of this phenomenon that has made meta-materials
very interesting. From a historical point of view, the possibility of a medium having simultaneous negative
permittivity and permeability was theoretically back in 1968 [12]. However, authors in [4,5] succeeded in
building structures which held simultaneous negative permittivity and permeability or so-called DNGs. In
particular, meta-materials enable the flexibility of independently controlling the permittivity and
permeability to be almost any arbitrary values. As a result of this phenomenon deep sub-wavelength
confinement and focusing of electromagnetic waves in a different spectrum, regimes are easily achievable.

In other words, engineers will be able to tune the properties of materials by external stimuli.

1.2 The Scattering Phenomenon
Figure 1.1 represents a normally incident plane wave that scatters from a DNG slab with thickness d

embedded in a medium. The surrounding area is characterized by {e;; 1} and {e; u,} which illustrate the

permittivity and permeability of the media before and after the slab respectively. To study the behaviour of
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the incident waveform, the reflection and transmission coefficients of the slab need to be parameterized as

per below,
R 2 | — p—i2kad
m+m =102 — )/ +ni))Pei2kd "
4nany e—ikad
h= 2 2,— 2k d
2+ 002> 1 —1[(n2 —n1) /(2 + ny)]Pe 72k o

where the wavenumber k; = w./u;&; and wave impedance n; = /u;/¢; for ie{1,2}. In the special case of
matched impedance, where n, = n,, the reflection and transmission coefficients of the slab will be R =0

and T = e~ Jk24,

Incident wave

—
<

Reflected wave

—

Transmitted wave

d

Figure 1.1 The scattering plane wave from a slab with a thickness of d [9].

Knowing that T = e*/lk2I9  the transition of the wave through the slab will lead to adding a positive phase
to the phase of the wave. One of the most practical applications of meta-materials is "Phase Compensation”
where a matched DNG slab can be utilized to compensate for phase changes induced by passage of a plane
wave through a DPS structure. This concept is commonly used in industry. Here is the mathematical

representation of Phase Compensation process:
kppsdpps + kpngdpng = 0 ©)
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To account for a more realistic scenario, oblique incident waves are further discussed. Equations (1) and
(2) need to be simply updated by adding transverse impedance and longitudinal wave number components.
In the case of an evanescent wave, the transverse wave impedance and the longitudinal component of the

wave vector in each medium becomes purely imaginary.

ni = jXi (4)
n; = JjX3 (5)
ki =ja, (6)
ké =ja, (7

Where the superscript t in (4) and (5) denotes traverse components, and the superscript [ in (6) and (7)
denotes longitudinal components. To be more specific, an evanescent wave is an oscillating electric and/or
magnetic field whose energy is concentrated around the physical location of the source. In other words an
evanescent wave does not illustrate the same propagation behaviours as that of an electromagnetic wave.
From a mathematical point of view, if a transverse component of the wave vector of the incident wave
becomes greater than the wave number of the medium, we end up with an evanescent wave rather than the
conventional electromagnetic wave [10,11]. It is worth mentioning that transverse wave impedance in the

DPS and DNG media have opposite signs. The full details are explained in [10,11].

By plugging in the additional traverse and longitudinal components into (1) and (2), one would end up with

the same results as before for the matched condition: where be R = 0 and T = e—/k4,

Many phenomena can be justified by this observation. For instance, it is a well-known fact that at the
interface between two media tangential components of the electric and magnetic fields should be
continuous. This is a corollary of analysis of Maxwell equations. However, if the two media are different
types of a DPS and a DNG medium since the permittivity and the permeability of these two media each
have opposite signs, the tangential components will be discontinuous at this interface. So the component
will be decreasing as it approaches the boundary and it will be increasing on the different medium on the

other side of the boundary. In the same line of reasoning, signs can be allocated to a; and as,.

When the evanescent wave reaches the first interface of two media, it is decaying. It trivially follows that
a; < 0 and there will be no refection into the DPS region. However, in order to satisfy the aforementioned
discontinuity condition, the tangential components of the field on DNG domain need to be increasing and
a, > 0. The major advantage of this structure is to compensate for the decay in DPS domain while

respecting the law of conservation of energy. There are many similar problems which hold the same
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scenario but different types of waves or media. Engheta in [9] covers a problem in which unlike the previous
case, a growing evanescent wave is the study object when an “incident” evanescent wave is approaching a
matched semi-infinite PSD-DNG slab. The best approach to solve this problem would be to come up with

equations for the reflection and transmission coefficients as per below,

12, transverse — 711, transverse
Rpps—_pNG =
12, transyerse + 111, transverse ®)
. 2 N2 transverse
Tpps-pNG =

12 transverse + N1 transverse (9)

In the so-called matched condition, (4) and (5) hold, and X{ = —X£. Hence, R = « and T = o, meaning
that interface resonance at this boundary exists. The Fresnel “reflection” and “transmission” coefficients
for an incident evanescent wave hold the same values. In fact, providing a source in front of the interface
of semi-infinite matched DNG-DPS domains, a resonant surface wave propagates along the surface,

resulting in a field with an infinitely large value.

There exist pervasive analog circuit discussions for the two examples above [10,11]. In fact, the similarity
of exciting an L—C circuit at its resonant frequency is discussed in detail. However, they are not brought
into this thesis due to lack of space. However, as they move away from the interface, the magnitude of

fields decays significantly.

1.2.1 Negative Refraction

By definition, scattering is a physical process where a form of radiation deviates from a straight trajectory
due to non-uniformities in the medium that it passes through. Studying the scattering phenomenon when a
wave becomes obliquely incident on a DPS-DNG interface “negative refraction” comes up. This
phenomenon can be explained in detail by referring to Fig. 1.2 where the electromagnetic boundary

conditions need to be maintained.
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Incident Reflected
Wave Wave

Transmitted
Wave in DNG
Medium z

Figure 1.2 The geometry of negative reflection of a wave on a PSD_DNG interface [9].

Using the Snell’s law is a formula used to describe the relationship between the angles of incidence and

refraction can be found below:

] ny .
Orefit = Oinc BOrans = SgN(712) Sin : (_ Sin Qinc)
Ina| (10)

Since the index of refraction (n = ++/ue) of the DNG medium is negative, the refracted angle would be
also negative, and consequently it, would be on the same side as that of the incident wave as illustrated in
Fig. 1.2.

The wave and Poynting vectors associated with this scenario are given below,

Kinc = k1(cos OincZ + sin GjpcX)
Kiet = k1(—CO8Oipc 2 H‘ Sin Gy X)

Kirans = k2(c0S OiransZ + s1n OyransX)

(11)
1 |Eo|? .. .
Sine = 2 (COS bipe + sin Gy k)
1
1 |REy|? L .
Srefl = 27 (— €08 OineZ + SIn Oy X)
|
1 |TEy|? . .
Strans = = (COS BiransZ + SIN Bygps X)
n2 (12)
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Where the superscripts inc, refl and trans refer to the incident, reflected and transmitted respectively. Due
to specific property of DNG media, the Poynting vector and the wave vector will attain different signs and
point in different directions which are mathematically represented in (13). In other words, the Poynting will

be directed away from the interface.

w A . A
ktruns - _"12| ;(COS |8trans|z — Sin |6trans|x)
I |TE|? o . .
Strans = =——— (€08 |Oyrans|Z — SIN |Oyrans|X)
2 m

(13)

1.3 Applications

The research interest in the field of “meta-materials” stems from the fact that the negative refractive index
changes the conventional propagation behaviors. For example, Doppler shift is reversed, and Cherenkov
radiation is emitted in the opposite direction to the charge’s motion rather than in the forward direction
[12]. Here come some of the common applications of meta-materials, however it should be mentioned that
their applications are not limited to the following. Sub-wavelength wave guiding, invisible cloaking [13],
super lenses [14, 15], imaging and modulation are more technical examples for applications of virtual
realized meta-material. For instance, Fig. 1.3 illustrates a three-dimensional (3D) flat lens and its unit cell,
with which sub-wavelength resolution imaging can be observed at microwave frequency regime. In recent
years, most efforts were focused on the engineering and extension of the functionalities of meta-materials
at terahertz [16] and optical [17] frequencies. Details of all of the applications are not brought in here

because they are not directly related to the objectives of this thesis.
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v"
.

Figure 1.3 A three-dimensional meta-material and a unit cell with a body-centered cubic structure

[a].

1.3.1 Phase Compensation with a DNG Medium

One of the main advantages of DNG media is to provide negative refraction and phase compensation is one
of the main outcomes about this feature [18]. Let us take the pair of DPS and DNG layers with an index of
refraction of n; and —n,, and thickness of dops and done as depicted in Fig. 1.3. It is assumed that the slabs
are lossless and impedance matched to the surrounding media. What would happen if a monochromic plane
wave traverses the concatenation of these slabs configured as? The phase difference that is imposed on the

monochromic wave is

A® = nykodpps — nzkodpne: (14)

It can be inferred from (14) that the phase difference imposed by the DPS slab can be partially or even
totally compensated by the phase difference imposed by the DNG slab. Proper choice of parameters can

lead total compensation of the phase, simply by n,dpps = n,dpne-

At the implementation stage, the size of the composites is usually a great matter of concern that the
designers need to tackle with it. However, the previous discussions prove that only the ratio of d, and d,is
important and the size can be engineered based on other limiting parameters of the system, which is quite

a big advantage of this technology.

8|Page



Figure 1.4 A pair of DPS and DNG layers sandwiched together.

1.3.2 Meta-materials with Refraction Index of Zero

The application of meta-material is not limited to phase compensation. The ones that hold very low values
of permittivity and permeability have fascinating applications as well. They have the potential to exhibit
both positive and negative values of the index of refraction near zero and have been experimentally
developed in laboratory environments [19-25]. In general, there have been several demonstrations, both
theoretically and experimentally, of planar meta-materials that exhibit a zero index of refraction and fall in
the intersection of different types of media as illustrated in Fig. 1.4.

In fact, by proper engineering of these zero-index planar materials, it is possible to fabricate high tech
resonators, phase shifters, couplers, or similar circuit elements [26]. For instance, by matching the
resonances in a series—parallel circuit realization of a DNG, the propagation constant as a function of
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frequency passes through zero with a non-zero slope in its transition from a DNG domain to a DPS domain
in a continuous manner. This operation is specific to a certain frequency of operation and may not illustrate
the same results for another frequency [27]. Volumetric materials are another group of meta-materials for
which the medium index is approximately zero [28]. These zero-index electromagnetic bandgaps (EBG)
are normally excited at a specific frequency which needs to be in the interval of EBG’s passband. To be
more specific, when periodic structures interact with electromagnetic waves, characteristics such as
frequency stop-bands, pass-bands and band-gaps are introduced. These applications of this observation are
seen in filter designs, gratings, frequency selective surfaces (FSS), photonic crystals and band gaps (PBG),
etc. They are classified under the broad terminology of “clectromagnetic band gaps (EBG)” [29]. One of
best outcomes of using this type of material has been for the antenna designers who came up with extremely
narrow antenna patterns in [30].

0
DPS Material
(<0, 0>0) (>0, 4>0)
Plasmas Dielectrics

DNG Material

(& <01 <0) (6<0, 10 <0)
Not found in nature, GJ”: otropic .
but pkysically realizable magnetic materials

Figure 1.5 The Electrical characteristics for host media with an index of zero (red circle).

Another set of experiments on zero-index meta-materials has been conducted by Ziolkowski at [31], where
the propagation and scattering properties of a passive, dispersive meta-material is studied which is matched

to free space. The theoretical problems behind this scheme fall into different categories of One-, two-, and
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three-dimensional problems. Even though there have been extensive contributions to the problems above,
only the one- and two-dimensional ones have been validated and confirmed numerically with Finite-
Difference Time-Domain (FDTD) simulations. The interesting observation is that the electromagnetic
fields in a matched zero-index medium take on a static character in space, but remain dynamic in the time
domain. Hence, the underlying physical basis still becomes associated with propagating fields in the local

vicinity.

1.4 Meta-materials in Nature

The high loss in the meta-materials at telecommunication and optical frequencies is the main challenge for
the engineers in this field. The main sources of loss are the metals, metal alloys or heavily doped
semiconductors in those meta-materials. Without controlling or reducing these losses, it is not possible to
utilize these unique materials for the state of the art applications. Hence, new materials with relatively low
loss are acquired in the industry. The introduction of alternative materials, for example, graphene and
transparent conductive oxides (TCOs), can overcome the major bottleneck and shed light on the limitations.
Graphene, the two-dimensional atomic crystal, combines its exceptionally high electronic and thermal
conductivities, as well as many other Supreme properties, all of which make it highly common for versatile
applications. The carrier concentration in TCOs is in the range of 102°~ 10%*cm? , which will convert the
plasma frequency into the near infrared regime for telecom and tactical applications. The outstanding
properties of some natural materials, such as graphene and TCOs, have been covered with details in [32-

34] with a focus on their tunability feature.

1.4.1 Graphene

Graphene is an allotrope of carbon in the form of a two-dimensional, atomic-scale, honeycomb lattice in
which one atom forms each vertex. Due to its outstanding properties, such as mechanical stiffness, strength,
elasticity, absorption, very high electrical and thermal conductivity it is given a second name, “Miracle
Material.” The combination of impermeability, transparency, and conductivity will make it useful in
transparent protective coatings and barrier films, while transparency, elasticity, and conductivity make it
applicable in flexible electronics [35]. Based on these super features, Graphene can be a suitable substitution
for the material that is used in industry. Not only the features but also easier access to high-quality graphene
synthesized by laboratory procedures amend to the continuous growth of its application. Graphene has been
proposed as a new platform for plasmon waveguiding at infrared frequencies [36-38] and can be considered
as terahertz (THz) meta-material [39]. The earliest update on utilizing Graphene in technology is in

manufacturing bendable smartphones as stated by Bloomberg news recently. Graphene synthesis and
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characterization is a quite complicated task. The implementation methods of Graphene fall into different
categories based on their cost, stability, and reliability. Mechanical exfoliation [40], epitaxial growth on
metal substrates [41-43], epitaxial growth on silicon carbide [44, 45], and chemical synthesis [46, 47] are
the common methods that have been used so far. Fig 1.6 illustrates some of these methods, their cost and

the quality of graphene film synthesized by each corresponding method given by [35].

1.4.2 Transparent Conductive Oxides (TCOs)

In essence, TCOs are metal oxides which are widely known because of their specific properties. The main
advantage of TCOs is their tunable optical property since a slight change in carrier density in the
accumulation layer results in a significant change in the value of dielectric constant if the applied voltage
gets properly adjusted. These natural meta-materials are commonly used in manufacturing photovoltaics

and flat panel electronic displays. In recent years, TCOs are representative of TCOs in nature [49].
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Figure 1.6 Comparison of the methods for Graphene Mass Production.

Introduced as an alternative for plasmonic meta-materials [48]. Indium tin oxide (ITO) and aluminum-

doped zinc oxide (AZO) are representative of TCOs in nature [49].
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1.5 Research Problem and Objectives

Based on the introduction explained in the previous subsections, the main purpose of this thesis is to present
two new meta-material unit cells in both microwave and millimeter-wave frequency bands with a
controllable refractive index that have the potential to be used in the structure of reconfigurable antennas.
The microwave unit-cell will be designed for the frequency of 2.45 GHz, and it will use PIN-diodes to
control the refractive index. Additionally, the millimeter-wave unit-cell will be designed for the frequency
band of 30 GHz and will use a geometrical approach to control the refractive index. Moreover, as a second
objective of the thesis, two paraffin-based dielectric lenses will be fabricated and validated that is necessary

for measurement of meta-material unit cells.
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CHAPTER TWO: RECONFIGURABLE META-MATERIAL UNIT-CELL WITH

CONTROLLABLE REFRACTIVE INDEX

2.1 Introduction

As mentioned in the previous chapter, one of the interesting applications of meta-materials is the beam
deflection of planar antennas that provides a very low-profile solution as explained in [53-54]. In this
Chapter, a reconfigurable meta-material unit cell with a controllable refractive index is designed for the
operating frequency of 2.45 GHz using PIN-diodes. This unit cell has the potential to be incorporated into

the substrate of a planar end-fire antenna and provide an effective solution for beam-switching applications.

2.2 Unit-Cell Design

To design a meta-material unit cell with controllable permittivity and permeability, we simply have to pay
attention to the position of the cell in the external electric and magnetic field. In fact, a meta-material unit
cell should be correctly excited to be able to produce the resonances for producing negative or near zero
constitutive parameters. It is important to mention that, in this thesis, the term meta-material is used not
only for structures with simultaneously negative permittivity and permeability but also for materials that
produce near-zero or very high parameters. Most of the resonant meta-materials use split rings
perpendicular to the magnetic field vector and straight lines parallel to the electric field vector. It is evident
that a properly excited split-ring plays the role of an inductor (L), while a biased line (parallel to the electric
field) behaves as a capacitor (C), and the resonance frequency of such a structure is simply f=1/27V(LC).
To control the behavior of the unit cell, we simply put a loop and also a line in the structure. Therefore, if
a PIN diode is embedded in any of these structures, we have the possibility to generate or prevent the
resonance by switching the diodes. In the following section, we present a unit cell based on the technique
above to provide a controllable response over the frequency range of 1-4 GHz. Figure 2.1 shows a schematic
view of our proposed unit-cell. This structure consists of a square-shaped three-turn spiral printed on a
Rogers RT/Duroid 5880 with the permittivity of er = 2.2 and the thickness of h = 1.575 mm. Two PIN-
diodes are used in the inner and middle rings and a line is printed on the bottom side of the substrate. Spiral
resonators are first introduced as meta-material unit cells by Baena et al. in [96-97]. By increasing the
number of turns in the spiral unit cell, the overall inductance of the structure and therefore the resonance
frequency can be changed. As shown in Fig. 2.1, the number of turns can be controlled by switching the
diodes. Here in this thesis for the proof of concept the diodes are replaced by metallic strips and open circuit

in the ON and OFF states, respectively. The simulation results are discussed as follows.
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(@) (b)
Figure 2.1 The Unit-cell geometry. (a) top, (b) bottom.
(Dimensions in millimeters: a=20, b=16, c=12, d=10, e=6, f=1,g=1,h=1)
The unit-cell was simulated in the HFSS software for an incident wave traveling along the Z direction. The
electric and magnetic fields of the incident wave are polarized along Y and X directions, respectively.
Figure 2.2 shows the complete details of the simulation setup. The same simulation setup has been used in
CST Microwave Studio also, to verify HFSS analysis for the unit-cell, and compare the results of the

simulated unit cell in both software.
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Figure 2.2 Simulation Setup (the highlighted walls are set as PEC boundary conditions, and the
non-highlighted walls are PMC)

Four different cases are considered regarding the diodes D1 and D2, and all of them were simulated. The

simulated S-parameters, resulted from both HFSS and CST are plotted in Figures 2.3 (a)- to (d).
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Figure 2.3 Simulated S-parameters of the unit-cell when, (a,b) both gaps are closed (c,d) inner gap
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losed, (e,f) outer gap is closed, and (g,h) both gaps are open.



According to Figure 2.3, there is a very good agreement between the results of HFSS and CST. The different
configurations of the unit-cell can be discussed as follows. When both of the diodes are ON (Figure 2.3
(@), the structure has a complete three-turn spiral, and therefore, its inductance is maximum. In this case,
because the resonance frequency is inversely related to the product of inductance and capacitance
(f=1/2mVLQ)), the frequency of the first resonance in the parameter S12 is the minimum among all the four
different configurations. When only one of the diodes is ON, the overall inductance is less than the case
above, and therefore the resonance frequency is higher. Finally, when the both of the diodes are OFF the
frequency of the first resonance is minimum as shown in Fig. 2.3 (g,h). The simulated S-parameters are
used in a well-known algorithm explained in [98] to extract the unit-cell effective refractive index, and the
results are plotted in Fig. 2.4. This algorithm is explained in more details in Appendix A.

Refractive index
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Figure 2.4 Effective refractive index of the unit-cell when(a) both gaps are closed (b) inner gap is

closed (c) outer gap is closed (d) both gaps are open.

According to Fig. 2.4, when both of the diodes are ON, the refractive index of the unit-cell is around n=0.5
at 2.45 GHz. This index goes to n=-1 and n=0.6 for Fig. 2.4 (b) and (c), respectively. Finally, when both of
the diodes are OFF (Fig. 2.4 (d)), the refractive index at 2.45 GHz shows a value of around n=-1. In other
words, the effective refractive index of the unit-cell can be modified by switching the diodes, and a
maximum difference of around An=1.5 is achievable at the frequency of 2.45 GHz. This difference can be
used for beam-switching applications using reconfigurable meta-materials. This unit-cell will be used for

low-profile beam-switching applications.

2.3 Modeling the Diodes

In this section, instead of the ideal scenario for the ON and OFF states of the diodes, a more realistic model
is considered, and the effect of this model on the response of the unit-cell is investigated. The PIN-diode

that we intend to model is GMP4201 with the lumped element model shown in the figure below.
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Figure 2.5 Lumped-element model for GMP4201 PIN-diode [54].

The same simulation setup has been used to study the effects of the PIN-diodes, and the results are shown

in Figure 2.6 below:
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Figure 2.6 Simulation results of the diodes using the lumped-element model for the diodes. (a,b)
both diodes are ON (c,d) inner diode is ON, (e,f) outer diode is ON, and (g,h) both diodes are OFF.
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According to the simulation results of Figure 2.6, the diodes result in a downward frequency shift of fewer
than 100 MHz in the S-parameters of the unit-cell. This shift can be attributed to the additional capacitance
caused by the diodes. It is important to note that other than the frequency shift, the overall behavior of the

unit-cell is all configurations remains the same as the ideal scenario.

2.4 Conclusion

In this chapter after introducing reconfigurable meta-materials and discussing different mechanisms that
have been designed for implementing them, we introduced a new reconfigurable spiral meta-material unit
cell for the frequency range of 1-4 GHz. Two PIN-diodes are used in the structure of the unit-cell and by
switching the diodes the refractive index of the unit-cell can be controlled. The results are verified using
both HFSS and CST Microwave Studio software. The PIN-diodes are considered first in an ideal scenario
and then simulated using a lumped-element model from the datasheet. The results of both scenarios are
only different by a frequency shift of fewer than 100 MHz. According to the simulation results, the
maximum difference in the refractive index of the different configurations is around An=1.5 at the
frequency of 2.45 GHz. The main goal of this framework is to present a feasible solution to implement a
simple, low-profile and low-cost agile module with controllable effective constitutive parameters. The
possibility of altering the effective refractive index is especially important for us because it can be useful
in advanced antenna applications. As already mentioned in this chapter, the resulting agile module has the
potential to be used as a detachable part in single element beam-switching antennas that can, in turn, lead

to more agile array structures.
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CHAPTER THREE: ANISOTROPIC META-MATERIAL UNIT-CELL FOR MILLIMETER-

WAVE APPLICATIONS (30 GHz)

3.1 Introduction

The bandwidth scarcity that is facing wireless carriers has motivated the exploration of the underutilized
millimeter wave (mm-wave) frequency spectrum for future telecommunication systems. Coming up with
small size devices that operate properly and keep up to daily standards of devices is however quite a big
challenge [99]. Despite all the challenges that come up with this transition, there are significant benefits
that make it worth a try. The flexible bandwidth rule is one of the main motivations of the industrial
branches to move towards this direction [100]. Antenna design has reached to its advanced level after the
World War Il. However, the designers are still struggling to maintain the same performance levels for mm-
wave communication systems using complex methods. The development of the underlying novel
components and subsystems necessitates that these components and subsystems be dynamic, reconfigurable
and multifunctional. The conventional consumer level world is very familiar with the characteristics of
materials and dielectrics, in frequencies like 2.4 GHz and 5.8 GHz. Taking this knowledge as granted, the
design and manufacturing of devices for communication systems are esteemed with great expedition.
However, in mm-Wave, a tremendous amount of challenge is remaining to understand and characterize the
underlying basis of this frequency band. There are new technologies like, electronic band gap (EBG),
anisotropic approaches and polarization techniques which are completely opaque and need deep research.

One of the recent trends in the modern communication systems is the 5G cellular networks for future mobile
phone applications. In fact, there are many speculations regarding all the aspects of this technology from
antenna design to the coding systems, and it seems that the frequency range of around 30 GHz is accepted
as a feasible band for this technology. One reason for this frequency is that as shown in Figure 3.1, the

atmospheric loss at this frequency is low enough to realize the possibility of long range communications.
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Figure 3.1 Analysis of the atmospheric loss for millimeter wave frequency bands [28].

Therefore, designing an agile antenna system operating over this frequency range can contribute to the
design and implementation of future 5G cellular networks. From another point of view, the essential role
of meta-materials has been widely covered in the previous sections, though the applications in a
combination of high-tech mm-Wave designs have not been covered yet. As emphasized before, meta-
material structures have been extensively investigated during the past twenty years, and lots of studies have
been done on their properties and applications [4, 101, 102]. Recently meta-material structures have been
used for beam-tilting and beam switching applications in microwave and millimeter-wave bands [53, 54].
In all of these cases, the main role of the meta-material medium is to provide a different refractive index
than the host medium when interacting with the incident electromagnetic wave. Depending on the
application of the antenna, various unit cell structures can be used to provide multi-band, miniaturized or
other required features [55, 57]. Using reconfigurable meta-material media [103] is an interesting solution
to provide beam-switching for single element antennas. However, reconfigurable unit cells could be lossy
and very hard to be implemented at millimeter waves. Another solution that could be potentially useful to
solve this problem is to design a medium with two different responses for different propagation directions
and then mechanically rotate the structure in the front of the antenna. In this chapter, we present the design
and simulation results for an anisotropic unit cell structure that can provide feasible solutions for such

applications.
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3.2 Design and Simulation of the Unit Cells

The key to designing an anisotropic structure is to use a topology which is different if looked at from
different directions. Of course, there are various shapes in the nature that might have this property, but not
all of them are easy to implement. The S-shaped topology is an easy to fabricate a structure that exhibits
the anisotropic property. In this section, we propose the design of an anisotropic meta-material unit cell
based on this concept. The schematic view of the proposed unit cell is depicted in Figure 3.2. Four S-shaped
conductors with different directions are printed on the top and bottom sides of a Rogers RT/Duroid 5880

substrate with the permittivity of er=2.2 and the thickness of h=0.508 mm to form this structure.

z

Figure 3.2 The Unit-cell geometry.
(Dimensions in millimeters: a=2.95, b=1.22, ¢=0.35, d=0.175)

The overall dimension of the unit cell is 2.95mm, and each S-shaped is around 1.2 mm. This structure
operates in two different modes depending on the direction of the incident wave, and each mode provides
a different refractive index. The first mode is when the incident wave travels along the Z axis with the
electric and magnetic field polarized along the Y and X, respectively. In the second mode, the
electromagnetic wave travels along the Y direction, and the electric and magnetic field is polarized along
X and Z. Both of these modes are simulated in HFSS, to calculate the S-parameters of the unit cell, using
the PEC and PMC boundary conditions along XZ and YZ planes for the first mode, and YZ and XY for the
second mode. The complete simulation setup is shown in Figure 3.3 as below:
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Figure 3.3 The complete simulation setup.

Figure 3.4 plots the HFSS results for the S-parameters of the unit cell in both modes. The simulation

frequency range is from 20 GHz to 40 GHz to show the behavior of the structure outside the region of
interest (30-35 GHz).
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Figure 3.4 Simulated S-parameters for the unit-cell when the wave travels along Z (a) and Y (b).

The simulated S-parameters are then used in a well-known algorithm explained in [98] to extract the
effective refractive index of the structure in each mode. In this algorithm (which is explained in Appendix
A), the S-parameters are used as the reflection and transmission coefficients to compute the effective
constitutive parameters. Therefore, studying the S-parameters can give the reader a better insight to verify

the behavior of the unit cell. The extracted effective refractive index of the structure is plotted in Figure 3.5

over the frequency range of 30-35 GHz.
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Figure 3.5 Effective refractive index of the unit-cell when the wave travels along Z (a) and Y (b).
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According to the results in Figure 3.5, when the electromagnetic wave enters the structure in the Z direction,
it sees a near-zero refractive index from 31.5 GHz to 34 GHz while the Refractive index from 30.5 GHz
wave arrives from the Y direction, the structure shows an effective refractive index between one and two.
As explained in the introduction, this difference can be useful in meta-material-based beam switching
techniques. In these applications, an artificial dielectric medium is placed in the front of the antenna to
cover only a limited section of the space seen by the antenna radiated wave. This configuration will result
in the deflection of antenna beam toward the medium with higher refractive index. The following is a
practical scenario about the practical application of our anisotropic meta-material unit cell in beam-
switching applications. It is noteworthy of mentioning that in this scenario, the meta-material medium in
front of the antenna is independent of the antenna itself and can be considered as a separate beam-tilting
unit and therefore it is possible to move or rotate it. Figure 3.6 shows this concept with more details.

Beam Tilting
Unit

a | b

Antenna
Unit

Figure 3.6 Separate tilting unit in front of the antenna

As shown in Figure 3.6, the beam tilting unit is composed of two different sections. The factor which is
important in beam tilting is An=na-ny,. If one of the sections is implemented by the proposed unit cell, we
have the possibility to rotate the structure and obtain two different An, which leads to two different tilt

angles or in other words beam switching capability.
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3.3 Conclusion

In this chapter, the design and simulation of a new meta-material unit cell with the controllable refractive
index at 30 GHz are presented. This unit cell has an anisotropic structure that is capable of changing its
refractive index when the unit cell is rotated compared to the incident wave. According to the simulation
results, this unit-cell can produce a maximum difference of An=2.2 in the refractive index at 32 GHz.
Moreover, a qualitatively explained scenario is discussed on the practical use of this unit-cell for beam
switching applications.
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CHAPTER FOUR: THE FABRICATION AND TEST OF PARAFFIN-BASED DIELECTRIC

LENSES FOR META-MATERIAL MEASUREMENT

4.1 Introduction

Meta-material structures have been extensively investigated during the past twenty years, and lots of studies
have been done on their properties and applications [4-121]. Recently meta-material structures have been
used for beam-tilting, beam forming and beam switching applications in microwave and millimeter-wave
bands as a lens or single media [53, 54]. In all of the previously reported works, the main part of the meta-
material medium design is the fabrication and test process to validate the simulation results for the unit-
cell. To reach that purpose, the S-parameters resulting from a meta-material cell or medium prototype
should be measured. Various methods are used to carry out this type of measurement including the free-
space method [114], waveguide method [115] and a series of single-cell methods [116]. Here, we propose
a low-cost yet effective method to measure the S-parameters using the free-space method.

In this chapter, the process of fabrication and test of two paraffin-based dielectric lenses that are intended
for meta-material measurement is fully described. This analysis is done to certify that the paraffin-based
lens can handle high frequencies for meta-material measurement setup, two dielectric lenses are fabricated
using a molding process for the frequency range of 10-18 GHz. The fabricated lenses guarantee low cost
and ease of implementation compared to the other machining and material methods. Two similar paraffin
lenses are used to measure the S-parameters of a conventional SRR meta-material unit cell to verify the
proposed lens performance. This experiment confirms a good agreement between simulation and
measurement results.

The use of the dielectric lenses as a part of antennas dates back to 1887 when Heinrich Hertz had his first
illustration of electromagnetic waves [113]. Just like most of other technologies, it was not until World War
Il that the research on lens antennas further progressed. Along with all the advantages that this technology
brings about, Paraffin lens manufacturing holds a strict guarantee for low-cost implementation. This is one
of the main motivations for using Paraffin in this framework.

In the following, the details of the fabrication process are entailed. Next, the measurements and discussion

section evaluate the functionality and performance of the fabricated lens.

4.2 Fabrication Process

The material that usually is used to fabricate a dielectric lens is polystyrene microwave plastic or Rexolite

[98]. This material has some drawbacks compared to paraffin wax such as high cost of machining process
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for fabrication, and relatively high density (1.11 g/cm3), which makes the fabricated structure too costly
especially for dimensions associated with the C- and S-band applications. In this study, the paraffin wax
was used in a molding process as an alternative approach to the lens design and implementation. This
material has the permittivity of 2.55, which is very close to Rexolite with better mechanical characteristics
to ease the fabrication and shaping, while its density is around 0.88 g/cm3 that makes the structure around
20% lighter compared to plastic-based lenses. To fabricate the lens, we used the molding process, which is
proved to be an effective method for the frequency range of 1-4 GHz [120]. The objective of this experience
is to determine how much we can increase the frequency range. To make sure that the lens can handle
higher frequencies, instead of big reflectors, we used much smaller reflectors with the 12-inch diameter for
free space measurement set up that makes the molding process much more accurate. The reflectors are
parabolic reflector bought from EdmondOptics company, and they provide a double convex profile for the
lens. Moreover, we can control that the surface of the lens is smooth enough, which is necessary for high-
frequency applications. The other precaution that we did is to buy all the needed wax at once; this makes
sure that the whole amount of wax has the same characteristics. In the previous experiment because of the
high volume of the wax, it was impossible to buy all of it at once, and therefore the resulting structure had

several layers. Figures 4.1 - 4.3 show the process of molding as well as the lenses at their final stage.

Figure 4.1 The molding process of a dielectric paraffin lens.
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Figure 4.2 The fabricated lenses.
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Figure 4.3 Close view of the fabricated lens.

4.3 Measurement and Discussion

In this experiment, we measured the S-parameters of three conventional SRR (Split-Ring Resonator) and
line combinations with different dimensions for three frequency bands. These bands are 1-4 GHz, 5-13
GHz, and 10-18 GHz that we name them "low-frequency,” "middle-frequency” and "high-frequency"
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respectively. As shown in Figure 4.4, the unit cells are printed on top and bottom of a Rogers 5880 substrate
with the thickness of 1.575 mm (for the low-frequency unit cell) and 0.508mm (for middle and high-

frequency ranges).
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Figure 4.4 Split-Ring Resonator Unit-cell
(a) Schematic view, (b) Low-frequency unit-cell, (c) middle-frequency unit-cell, (d) High-frequency

unit-cell
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The dimensions of the SRR unit cell for each frequency are listed in Table 4.1, and a photograph of the test

setup can be found in Figure 4.5.

Table 4.1 The geometrical parameters of the SRR unit cell layout.

Parameter (mm) Low-Frequency Middle-Frequency High-Frequency
a 18 45 3
b 15 3.75 2.5
d 15 0.375 0.3
g 1.6 0.4 0.3
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Figure 4.5 Test setup located in INRS-EMT.

To perform the measurement process, first, the low-frequency unit cells in the range of 1-4 GHz were tested
to verify the overall performance of the setup. Then we expanded the range up to 12.5 GHz, and finally, we
conducted the measurements up to 18 GHz, which is the utmost limit of the horn antenna. The results are
illustrated in Figures 4.6 — 4.11.
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As plotted in Figures 4.6 — 4.11, in the low- and middle-frequency bands there is a very good correlation
between the simulation and measurement. However, when we go to the high-frequency band, the difference
between measurement and simulation becomes more significant. Nevertheless, we can infer from the results
that the lens structure works very well up to 12 GHz and then from 12 GHz to 15 GHz the results are
acceptable, but for anything higher than that, the results are not good enough. As a reason for this difference,
we can point to large dimensions of the horn which causes the spill-over problem and also the inherent loss
of the paraffin material at higher frequencies for this application. Nevertheless, we enhanced the upper-
frequency limit of our previous work from 4 GHz to 15 GHz, and it seems that it is the final limit for this
type of measurement. If we wanted to go higher than this limit, the cost of the project would be too high to
justify this method.

It is important to mention that the phase of the S-parameters are as important as the magnitude and it is
necessary to measure them too because, in the extraction algorithm, we need the S-parameter as a complete
complex number to be able to calculate the effective constitutive parameters. That is why we included the
measurement results for the phase to show that our lens structure is capable of producing accurate results
in terms of phase. Of course, there is a calibration procedure that we have followed in all of the

measurements, and it is explained in Appendix B in more details.
4.4 Conclusion

We fabricated two paraffin-based lenses for meta-material measurement. Compared to the previous set of
lenses made in the group (in the range of 1-4 GHz), we used smaller structures, and the fabrication process
was done much more accurately, and the results are acceptable up to 15 GHz. However, when we go higher
than that (up to 18 GHz which is the horn upper-frequency limit), the measurement results show a
significant difference compared to the simulations. As some of the reasons for this difference, we can point
to large dimensions of the horn which causes the spill-over problem and also the inherent loss of the paraffin
material used for this application. Nevertheless, we enhanced the previous design from 4 GHz to 15 GHz,

and it seems that it is the limit and if we wanted to go higher the cost of the project would be too high.
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CHAPTER FIVE: CONCLUSION AND FUTURE WORK

5.1 Introduction

In this Chapter, a brief summary of the three research topics conducted in the context of this thesis is
presented. Also, the links between these concepts are explained in more details. Moreover, the future
direction of this research is discussed.

5.2 Antenna Applications

As already mentioned in the previous chapters, the main subject of this thesis is the design and simulation
of innovative meta-material unit cells. Of course, because this research is done in the framework of a master
degree in telecommunications, it is necessary to define some practical applications for the aforementioned
unit-cells. On the other hand, in recent years, extensive research has been conducted at INRS-EMT on the
topic of meta-material-inspired reconfigurable antennas. Therefore, it has been decided that | somehow
show that my new meta-material unit cells can serve this purpose. However, from the beginning, we had
decided that the design and implementation of a reconfigurable antenna are well beyond the scope of this
master thesis and only some qualitatively explained scenarios suffice to show the whole purpose of my
meta-material unit cells. That is why a PIN-diode-based reconfigurable meta-material unit cell along with
another anisotropic unit-cell are presented in this thesis. Moreover, the idea of how an anisotropic structure
can be helpful in beam switching applications is one of my contributions that is explained at the end of
Chapter 3.

5.3 Meta-material Structures in the Millimeter-wave band

Today, it is widely accepted that the millimeter-wave frequency band is the future of modern
communication systems. There are lots of areas that millimeter waves can be helpful, ranging from indoor
Gbps wireless LANs to future 5G cellular networks and deep-space communications. Therefore, it has been
decided that a part of this research should be focused on the millimeter waves and to investigate how
practical it is to use meta-material unit cells in this frequency band. However, using reconfigurable elements

such as PIN-diodes in millimeter-waves is very expensive and challenging. For this reason, | have presented
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the idea of an anisotropic meta-material unit cell at 30 GHz. If you mechanically rotate this structure, it can

produce a different refractive index in each position.

In other words, having two different refractive indexes is the main goal of our design what we need to
perform the beam switching, and both of the presented unit cells are capable of providing this feature, one

of them by switching the PIN-diodes and the other one by mechanically rotating.

5.4 Dielectric Lenses for Meta-material Measurement at Millimeter Waves

The final topic of this research is fabrication and validation of two paraffin-based dielectric lenses that are
necessary for meta-material measurements. A low-frequency version of these lenses has already been
implemented by a former Ph.D. student of INRS-EMT [35]. However, his structure was only capable of
providing reliable results up to 4 GHz. On the other hand, one of my research topics in this thesis was to
work in the millimeter-wave frequency band. So it was necessary to implement a dielectric lens to enhance
the limit of 4 GHz. For this reason, two paraffin-based lenses were fabricated. It is clear that for validating
these lenses, a well-known structure had to be used because the simulation results of the unit-cell have to
be used for validation and we should be familiar with those results. For this purpose, a simple SRR (Split-
Ring Resonator) unit-cell is fabricated in three different sizes, and all of them are tested using the lens.
According to my results, the fabricated dielectric lenses are capable of providing reliable results up to 15

GHz. In other words, | have improved the frequency limit from 4 to 15 GHz.

5.5 Future works

Based on the research conducted in this thesis, | propose three main future directions. The first one is
working on new reconfiguration techniques that are capable of being implemented at millimeter waves such
as MEMS. Another interesting direction is the combination of the anisotropic geometrical technique with
reconfigurable elements that can be helpful in adding more agility to the unit-cell structure. Finally, the
scenario of mechanically rotating the meta-material section in front of the antenna has a great potential to

be used with innovative antennas in both microwaves and millimeter-wave frequency bands.
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5.6 Conclusion

This thesis presents two new meta-material unit cells that are both capable of providing a controllable
refractive index which is necessary for the beam switching technique that is developed in our groups by
former students in the recent years. One unit-cell is designed in the frequency range of 1-4 GHz and utilizes
PIN-diodes to control the refractive index. This unit-cell is capable of providing a difference of An=1.5 in
the refractive index at 2.45 GHz. The other unit-cell is designed at 30 GHz and has an anisotropic behavior
which results in the capability of controlling refractive index by rotation. According to our simulation
results, this unit-cell can produce a difference of An=2.2 at 32 GHz. Moreover, a possible scenario about
how this unit-cell can be useful in beam switching is qualitatively explained. Finally, as a marginal product
of my research, two dielectric lenses for meta-material measurements are fabricated and experimentally
verified. These lenses are far better than the previous lenses developed in our group and increase the
frequency limit from 4 to 15 GHz.
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CHAPITRE Six: Résume

6.1 Introduction

Le résume des travaux effectués dans le cadre de ma thése de maitriser est présenté dans ce chapitre.
Tout d'abord, les motivations du projet de recherche et le probléme gue je veux résoudre sont expliqués.
Ensuite, mes solutions pour ce probleme et aussi les objectifs de la thése sont discutés. Enfin,
une conclusion du projet de recherche est présentée, et mes contributions sont également expliquées.
De plus, quelques suggestions et lignes directrices pour un travail futur qui peut éventuellement étre

ajouté a ce projet sont présentées.

6.1.1 Matériel Artificiel

La recherche sur les «matériaux artificiels» a commencé son niveau d'enfance par [1] ou l'auteur a lancé
une expérience micro-ondes objets tordus, a savoir, des éléments chirals artificiels, en 1898 comme une
grande percée scientifique. Plus tard, la tAche a été poursuivie par Lindman qui a intégré des hélices
orientées aléatoirement dans un milieu d'hote en 1914 [2]. Ensuite, les lentilles micro-ondes légéres ont
été fabriquées par Kock sur 1948 [3]. Au cours des derniéres années, la portée de la recherche dans ce
domaine a été étendue a la construction de structures, appelées Métamatériaux, avec des fonctions de
réponse physiquement réalisables qui peuvent ou non exister dans la nature. A titre d'exemple pratique,
ces inclusions artificiellement fabriquées peuvent étre utilisées pour augmenter le gain en antennes en
induisant des moments électriques et magnétiques qui a leur tour induisent un coefficient diélectrique
négatif & la construction. Les métamatériaux sont eégalement appelés «gauchers» [4-5,6]; "Milieu a ondes
inversées"[7]; Et "double négatif (DNG)" métamatériaux [8], a différentes parties de la littérature. L'idée
fondamentale et simple derriére la synthese des métamatériaux est d'intégrer des constructions avec des
formes et des formes géométriques spécifiques dans un média hote. Les sujets de recherche liés a ce
domaine se situent dans des catégories différentes et diverses, & savoir les matériaux doublement négatifs
(DNG), les matériaux chiraux, les milieux oméga, les milieux filaires, les milieux bianisotropiques, les
milieux linéaires et non linéaires et les milieux locaux et non locaux, Ouvert qui acquiérent de plus en plus
de reflexion. Comme mentionné a lI'avance, les caractéristiques macroscopiques du composite en vrac,
dites «<moyennes», peuvent étre affectées par les inclusions qui y sont incorporées. S'appuyant sur une idée
trés simple, les métamatériaux donnent aux concepteurs et chercheurs un énorme degré de liberté pour

choisir la taille et la forme des constructions, les propriétés des matériaux hotes, la composition des
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inclusions, la densité, I'agencement et l'alignement des inclusions précitées, etc. Dans la méme ligne de
raisonnement, ils ont trop de paramétres indépendants pour s'attaquer. La facon d'attribuer des valeurs
appropriées a tous ces parametres apporte de nombreux compromis en termes d'efficacité, de gain, de codt,
de taille, etc., qui affectent de fagon importante le résultat du processus de synthese. Ainsi, le choix optimal
de ces parametres dans un grand effort pour la recherche et les institutions industrielles. Voici une
classification des milieux basée sur les valeurs correspondantes de la permittivité (capacité d'une substance
a stocker I'énergie électrique dans un champ électrique) et de la perméabilité (une quantité mesurant
I'influence d'une substance sur le flux magnétique dans la région qu'elle occupe) Dans [9]. Alors que les
dipdles magnétiques proviennent de moments se rapportant aux boucles de courant, ils peuvent étre décrits
par des analogues de charge magnétique et de courant des boitiers électriques. Ainsi, les matériaux peuvent
étre décrits par leur permittivité ou leur perméabilité en tenant compte du scénario et de la disponibilité
des données.

Tableau 6.1 Classement des Matériaux.

Le Milieu Permittivité | perméabilité Examples
Le Milieu Double Positive e>0 u>0 Diélectrique
Le Milieu Epsilon-Négatif £<0 u>0 Plasmas
Le Milieu Munégatif e>0 u<o Matériaux Magnétiques Gyrotropiques
Le Milieu Double Négatif £<0 u<o |-

A certaines fréquences, les champs électriques et magnétiques induits par les inclusions au milieu hote,
peuvent conduire a une permittivité et a une perméabilité négative. 1l est évident qu'un tel matériel n'existe
pas dans la nature réelle, mais il y a certains avantages apportés par la découverte de ce phénomene qui sera
exploré dans les prochaines sessions. Du point de vue historique, la possibilité d'un milieu possédant
simultanément une perméabilité et une perméabilité négatives était théoriquement en 1967. Cependant, les
auteurs [4, 5] ont réussi a construire des structures qui présentaient simultanément une perméabilité et une
perméabilité négatives. En particulier, les métamatériaux permettent a la souplesse de contrdler
indépendamment la perméabilité et la perméabilité de pratiquement toutes les valeurs arbitraires. En
conséquence de ce phénomeéne, le confinement et la focalisation sous ondes étendues des ondes

électromagnétiques dans différents régimes de spectre est facilement réalisable, ce qui est en fait une
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révolution technologique. En d'autres termes, les ingénieurs seront en mesure de régler les propriétés des

matériaux par des stimuli externes.

6.1.2 Le Phénomene de Diffusion

La figure 6.1 représente une onde plane normalement incidente qui se disperse d'une dalle double négatif
milieu avec une épaisseur d noyée dans un milieu. Les zones environnantes sont caractérisees par {&; u; } et

{e5; 1} qui illustrent la permittivité et la perméabilité des milieux avant et aprés la dalle, respectivement.

Onde Incident
—>

Onde transmise

—_—
Onde Réfléchie

e

Figure 6.1 L'onde plane de diffusion de la dalle avec épaisseur d.

6.2 Cellule unitaire métamatériau reconfigurable avec indice de réfraction
contrélable

6.2.1 Introduction

Les propriétés non conventionnelles de ces matériaux ont été amenées a diverses applications dans le
domaine de l'antenne et de la propagation dans différentes bandes de fréquences. En incorporant des
éléments accordables dans des métamatériaux, les inconvénients de ces nouvelles inventions, a savoir la
bande passante et les pertes opérationnelles, peuvent étre réduits a un niveau acceptable au stade de la mise
en ceuvre. Cela peut étre effectué le cotit de I'augmentation de la complexité de la fabrication et des dépenses
[50]. Pour des métamatériaux reconfigurables, de nombreuses approches réussies ont été prises, allant
largement des fréquences RF (radiofréquence) jusqu'a I'optique, mais certaines de ces approches ne sont

compatibles qu'avec une certaine plage de fréquences [50]. L'ajout d'éléments de circuit actif ou de
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matériaux qui modifient les propriétés électromagnétiques s'ils sont stimulés correctement et les méthodes
de base et pratiques qui ont été largement utilisées [50]. En outre, les structures de cellules unitaires
reconfigurables nous conduisent non seulement a des métamatériaux agiles, mais peuvent également
contribuer a accroitre la diversité de nos systemes d'antennes. Dans cet article, une cellule métamatériau
reconfigurable avec indice de réfraction contrdlable est congue a l'aide de diodes PIN. Cette cellule-unité a
le potentiel d'étre incorporée sur le substrat d'une antenne plane de tir d'extrémité et de fournir une solution

efficace pour des applications de commutation de faisceaux.

6.2.2 Résultats et discussion

Dans la section suivante, nous présentons une cellule unitaire basée sur la technique précitée pour fournir
une réponse contrdlable sur la plage de fréquences de 1-4 GHz. Cette structure se compose d'une spirale a
trois tours carrée imprimée sur un RT/Duroid 5880 de Rogers avec la permittivité de er = 2,2 et 1'épaisseur
de h = 1,575 mm. Deux pin-diodes sont utilisées dans les anneaux intérieurs et milieu et une ligne est
imprimée sur la face inférieure du substrat. Les résonateurs en spirale sont d'abord introduits en tant que
cellules métamatérielles par Baena et al dans [96-97]. En augmentant le nombre de spires dans la cellule
d'unité en spirale, l'inductance globale de la structure et donc la fréquence de résonance peuvent étre
modifiées. Le nombre de tours peut étre commandé en commutant les diodes. En augmentant le nombre de
spires dans la cellule d'unité en spirale, I'inductance globale de la structure et donc la fréquence de résonance
peuvent étre modifiées. Ici pour la preuve de concept, les diodes sont remplacées par des bandes métalliques
et un circuit ouvert dans les états ON et OFF respectivement. Les résultats de simulation sont discutés

comme suit.
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(a) (b)

Figure 6.2 La géométrie de celle-unité. (a) Haut, (b) bas.
(Dimensions en millimétres: a=20, b=16, c=12, d=10, e=6, f=1,g=1,h=1)

Figure 6.3 Configuration de la simulation (les murs en surbrillance sont définis comme des
conditions de limite CEP et les murs non mis en évidence sont CMP)
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Les champs électriques et magnétiques de I'onde incidente sont polarisés suivant les directions Y et X,
respectivement. La figure 6.3 montre les détails complets de la configuration de simulation qui a été
utilisée dans HFSS.

Quiatre cas différents sont considérés concernant les diodes D1 et D2 et tous ont été simulés. Les résultats
du S-paramétre (les éléments d'une matrice de diffusion) sont représentés sur les figures 6.4 (a) - (d) qui
décrivent essentiellement le comportement électrique de I'antenne lorsqu'ils subissent divers stimuli d'état

stationnaire par des signaux électriques.

S Param (dB)
A
o

7,10 | S — A — |
— 511
= 512
'800 1 2 3 4
Freq. (GHz)

Figure 6.4 (a) Parametres S simulés de la cellule-unité lorsque, les deux intervalles sont fermés.
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Figure 6.4 (b) Parameétres S simulés de la cellule-unité lorsque, I'espace intérieur est fermé.
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Figure 6.4 (c) Paramétres S simulés de la cellule-unité lorsque, I'espace extérieur est fermé.
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Figure 6.4 (d) Paramétres S simulés de la cellule-unité lorsque, les deux espaces sont ouverts.

Lorsque les deux diodes sont activées (Figure 6.4 (a)), la structure a une spirale de trois tours compléte, et
par conséquent, son inductance est maximale. Dans ce cas, comme la fréquence de résonance est
inversement proportionnelle au produit de l'inductance et de la capacité, la fréquence de la premiére
résonance dans le paramétre S12 est le minimum parmi les quatre configurations différentes. Lorsqu'une
seule des diodes est ON, I'inductance globale est inférieure au cas précité et donc la fréquence de résonance
est plus élevée. Enfin, lorsque les deux diodes sont ARRETES, la fréquence de la premiére résonance est
minimale, comme le montre la Fig. 6.4 (d). Les parametres S simulés sont utilisés dans un algorithme bien
connu expliqué dans [98] pour extraire I'indice de réfraction effectif de la cellule-unité et les résultats sont

tracés sur la Fig. 6.5.

54 |Page



Xapul aAIjoRljeY

5

1

Freq. (GHz)

Freq. (GHz)

Xapu| aAjoeljey

(b)

55|Page



Refractive index
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(d)

Figure 6.5 Indice de réfraction effectif de la cellule unitaire lorsque (a) les deux intervalles sont
fermés (b) I'intervalle intérieur est fermé (c) I'intervalle extérieur est fermé (d) les deux espaces
sont ouverts.
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Selon la figure 6.5, lorsque les deux diodes sont activées, l'indice de réfraction de la cellule unitaire est
denvironn =0,5 & 2,45 GHz. Cet indice vaa n =-1 et n = 0,6 pour la figure 6.5 (b) et (c), respectivement.
Enfin, lorsque les deux diodes sont désactivées (Figure 6.5 (d)), l'indice de réfraction a 2,45 GHz montre
une valeur d'environ n = -1. En d'autres termes, l'indice de réfraction effectif de la cellule unitaire peut étre
modifié en commutant les diodes et une différence maximale d'environ An = 1,5 peut étre atteinte a la
fréquence de 2,45 GHz. Cette différence peut étre utilisée pour des applications de commutation de
faisceaux utilisant des métamatériaux reconfigurables. Cette cellule unitaire sera utilisée pour les

applications de commutation de faisceau de faible profil.

6.3 Anisotropie métamatériaux cellule unitaire pour les applications a ondes
millimétriques (30 GHZ)

6.3.1 Introduction

Une des tendances récentes dans les systemes de communication modernes est les réseaux cellulaires 5G
pour les futures applications de téléphonie mobile. En fait, il ya beaucoup de spéculations concernant tous
les aspects de cette technologie de la conception de I'antenne aux systémes de codage et il semble que la
gamme de fréquence d'environ 30 GHz est acceptée comme une bande faisable pour cette technologie. Une
des raisons de cette fréquence est que, la perte atmosphérique a cette fréquence est suffisamment faible
pour réaliser la possibilité de communications a longue portée. L'utilisation de médias métamatériaux
reconfigurables [103] est une solution intéressante pour fournir une commutation de faisceau pour des
antennes & élément unique. Une autre solution consiste & concevoir un milieu avec deux réponses différentes
pour différentes directions de propagation, puis a faire tourner mécaniquement la structure a l'avant de
I'antenne. Dans cette partie, nous présentons les résultats de conception et de simulation pour une structure
de cellule unitaire anisotrope qui peut fournir des solutions réalisables pour de telles applications. La figure
schématique ci-dessous représente une vue schématique de la cellule unitaire proposée, quatre conducteurs
en forme de S avec des directions différentes sont imprimés sur les cotés supérieur et inférieur d'un substrat
Rogers RT/Duroid 5880 ayant la permittivité er = 2,2 et I'épaisseur de h = 0,508 mm pour former cette

structure.
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Figure 6.6 Géomeétrie de cellule- uniteé.
(Dimensions en millimeétres: a =2,95, b =1,22, ¢ =0,35,d =0,175)

La dimension globale de la cellule-unité est de 2,95 mm et chaque forme de S est d'environ 1,2 mm. Cette
structure fonctionne selon deux modes différents selon la direction de I'onde incidente et chaque mode
fournit un indice de réfraction différent. Le premier mode est lorsque I'onde incidente se déplace le long de
I'axe Z avec le champ électrique et magnétique polarisé le long de et X, respectivement. Dans le deuxieme
mode, I'onde électromagnétique se déplace le long de la direction Y et le champ électrique et magnétique
sont polarisés le long de X et Z. Ces deux modes sont simulés en HFSS, pour calculer les parameétres S de
la cellule unitaire, en utilisant le PEC et PMC en suivant Y et X pour le premier mode, et X et Z pour le

second mode. La configuration compléte de la simulation est illustrée dans la figure ci-dessous:
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Figure 6.7 Configuration compléte de la simulation.

La figure 6.8 présente les résultats HFSS pour les parametres S de la cellule unitaire dans les deux modes.
La plage de fréquence de simulation est de 20 GHz a 40 GHz pour montrer le comportement de la

structure en dehors de la région d'intérét (30-35 GHz).
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Figure 6.8 Paramétres S simulés pour I'unité de cellule lorsque I'onde se déplace le long de Z (a) et

Y (b).

Les paramétres S simulés sont ensuite utilisés dans un algorithme bien connu expliqué dans [98] pour
extraire l'indice de réfraction effectif de la structure dans chaque mode. Dans cet algorithme, les parametres
S sont utilisés comme coefficients de réflexion et de transmission pour calculer les parametres constitutifs
effectifs. Par conséquent, I'étude des paramétres S peut donner au lecteur une meilleure compréhension

pour Vérifier le comportement de la cellule unitaire. L'indice de réfraction effectif extrait de la structure est

représenté sur la figure ci-dessous, sur la plage de fréquences de 30-35 GHz.
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Figure 6.9 Indice de réfraction effectif de la cellule-unité lorsque I'onde se déplace le long de Z (a) et
Y (b).
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Selon les résultats de la figure 6.9, lorsque l'onde électromagnétique pénétre dans la structure dans la
direction Z, elle voit un indice de réfraction proche de zéro de 30,5 GHz a 34 GHz tandis que l'indice de
réfraction a partir de 30,5 GHz vient de la direction X, la structure montre Un indice de réfraction efficace
entre un et deux. Dans ces applications, un milieu diélectrique artificiel est placé a I'avant de I'antenne pour
ne couvrir qu'une partie limitée de I'espace vu par l'onde rayonnée de l'antenne. Cette configuration
entrainera la déviation du faisceau d'antenne vers le milieu avec un indice de réfraction plus élevé. Pour
utiliser notre cellule unitaire pour ces applications, il faut garder a I'esprit que le milieu métamatériau devant
I'antenne est totalement indépendant de I'antenne elle-méme et peut étre considéré comme un basculeur

séparé et donc il est possible de se déplacer ou de tourner-il.

Beam Tilting
Unit

a | b

Antenna
Unit

Figure 6.10 Unité de basculement séparée devant I'antenne

Comme représenté sur la figure 6.10, I'unité de basculement de faisceau est composée de deux sections
différentes. Le facteur qui est important dans 1'inclinaison du faisceau est An = na-nb. Si I'une des sections
est implémentée par la cellule-unité proposée, nous avons la possibilité de faire tourner la structure et
d'obtenir deux An différents, ce qui conduit a deux angles d'inclinaison différents ou, en d'autres termes, a

la capacité de commutation de faisceaux.
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6.4 La fabrication et I'essai de lentilles diélectriques a base de Paraffine pour la
mesure de métamatériaux

6.4.1 Introduction

Dans cette partie, le procédé de fabrication et d'essai de deux lentilles diélectriques a base de paraffine qui
sont destinées a la mesure du métamatériau est entierement décrit. Pour montrer que la lentille & base de
paraffine peut manipuler des hautes fréquences pour la mesure du métamatériau, deux lentilles diélectriques
sont fabriquées en utilisant un procédé de moulage pour la gamme de fréguences de 10-18 GHz. Les lentilles
fabriquées garantissent un faible cofit et une facilité de mise en ceuvre par rapport aux autres méthodes

d'usinage et de matériaux.

6.4.2 Processus de fabrication

Dans cette étude, la cire de paraffine a été utilisee dans un processus de moulage comme une approche
alternative pour la conception et la mise en ceuvre de la lentille. Ce matériau a une permittivité de 2,55, sa
densité est d'environ 0,88 g / cm3. Pour fabriquer la lentille, nous avons utilisé le procédé de moulage, qui
s'est avéré étre une méthode efficace pour la gamme de fréquence de 1-4 GHz [120]. Pour s'assurer que
I'objectif peut gérer des fréquences plus élevées, au lieu de gros réflecteurs, nous avons utilisé des
réflecteurs beaucoup plus petits avec le diametre de 12 pouces pour la mesure de I'espace libre mis en place.

6.4.3 Mesure et discussion

Nous avons mesuré les paramétres S de trois combinaisons SRR (Split-Ring Résonateur) conventionnelles
et de lignes avec différentes dimensions pour trois bandes de fréguences. Ces bandes sont 1-4 GHz, 5-13
GHz et 10-18 GHz que nous nommons respectivement «basse fréquence», «<moyenne fréquence» et «haute
fréquence». Comme le montre la figure 6.11, les cellules unitaires sont imprimées sur le haut et le bas d'un
substrat Rogers 5880 avec une épaisseur de 1,575 mm (pour les cellules a basse fréquence) et 0,508 mm

(pour les gammes moyenne et haute fréquence).
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Figure 6.11 Unité de résonateur a crémaillére partagée.

Dans les bandes de fréquences basse et moyenne, il existe une tres bonne corrélation entre la simulation et
la mesure. Cependant, lorsque nous passons a la bande de hautes fréquences, la différence entre la mesure
et la simulation devient plus importante. Nous pouvons déduire des résultats que la structure de la lentille
fonctionne trés bien jusqu'a 12 GHz et ensuite de 12 GHz a 15 GHz les résultats sont acceptables, mais

pour quelque chose de plus élevé que cela, les résultats ne sont pas assez bons.

Figure 6.12 Configuration d'essai située dans I'INRS-EMT.
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Pour effectuer le processus de mesure, on a d'abord testé les cellules unitaires a basse fréguence dans la
plage de 1 a 4 GHz pour Vvérifier la performance globale de I'installation. Ensuite, nous avons élargi la
gamme jusqu'a 12,5 GHz et enfin nous avons conduit les mesures jusqu'a 18 GHz, qui sont la limite

maximale de I'antenne klaxon. Les résultats sont illustrés sur les figures 6.13 — 6.18.
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Figure 6.15 Magnitude et phase de S11 pour SRR moyenne portee.
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Figure 6.16 Magnitude et phase de S12 pour SRR de portée moyenne.
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Figure 6.17 (b) Magnitude et phase de S11 pour SRR a haute fréquence.
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Figure 6.18 (b) Magnitude et phase de S12 pour SRR a haute fréquence.
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Il est important de mentionner gque la phase des parametres S est aussi importante que la grandeur et gu'il
est nécessaire de les mesurer aussi parce gque dans l'algorithme d'extraction, nous avons besoin du paramétre
S comme un nombre complexe complet pour pouvoir calculer la Des parametres constitutifs efficaces. C'est
pourquoi nous avons inclus les résultats de mesure de la phase pour montrer que notre structure de lentille
est capable de produire des résultats précis en termes de phase. Bien sdr, il existe une procédure d'étalonnage

que nous avons suivie dans toutes les mesures et qui est expliquée a I'annexe B plus en détail.

6.5 CONCLUSION ET TRAVAIL FUTUR

Comme mentionné précédemment, le sujet principal de cette thése est la conception et la simulation

Des cellules unitaires de méta-matériaux innovantes dans le cadre d'un maitre Dipldme en
télécommunications. Puisque la conception et la mise en ceuvre d'une antenne reconfigurable sont bien au-
dela de la portée de la thése de maitrise et seuls certains scénarios expliqués qualitativement sont suffisants
pour montrer l'intégralité de mes cellules méta-matérielles. C'est pourquoi une cellule unitaire méta-
matérielle reconfigurable a base de diodes PIN et une autre unité anisotrope sont présentées dans cette thése.
En outre, I'idée de la fagon dont une structure anisotrope Peut étre utile dans les applications de
commutation de faisceau est I'une de mes contributions qui est expliquée a la fin du chapitre 3.

Etant donné que la bande de fréquence des ondes millimétriques serait l'avenir des systémes de
communication modernes. Il existe de nombreux domaines dans lesquels les ondes millimétriques peuvent
étre utiles, allant des réseaux locaux sans fil Gbps a des réseaux cellulaires futurs 5G et des communications
spatiales profondes. Par conséquent, il a été décidé qu'une partie de cette recherche devrait étre axée sur les
ondes millimétriques et étudier combien il est pratique d'utiliser des cellules unitaires méta-matérielles dans
cette bande de fréquences. Cependant, en utilisant des éléments reconfigurables

Telles que les diodes PIN en ondes millimétriques est tres colteuse. Par conséquent, une cellule unité de
méta-matériau anisotrope a 30 GHz a été présentée. La rotation mécanique de cette structure produirait un
indice de réfraction différent dans chaque position. En d'autres termes, avoir deux indices de réfraction
différents est l'objectif principal de notre conception, ce dont nous avons besoin pour effectuer la
commutation du faisceau, et les deux cellules unitaires présentes sont capables de fournir cette
fonctionnalité, I'une d'elles en commutant les diodes PIN et la L'autre par rotation mécanique.

Le dernier sujet de cette recherche est la fabrication et la validation de deux lentilles diélectriques a base de
paraffine qui sont nécessaires pour les mesures de méta-matériaux. Une version basse fréquence de ces
lentilles a déja été mise en ceuvre par un ancien docteur. Eléve de I'NRS-EMT [35]. Cependant, sa structure

n'était capable que de fournir des résultats fiables jusqu'a 4 GHz. D'autre part, I'un de mes sujets de
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recherche dans cette these était de travailler dans la bande de fréquences d'ondes millimétriques. Il fallait
donc mettre en oeuvre une lentille diélectrique pour augmenter la limite de 4 GHz. Pour cette raison, deux
lentilles a base de paraffine ont été fabriquées. Il est clair que, pour la validation de ces lentilles, une
structure bien connue devait étre utilisée car les résultats de simulation de la cellule unitaire doivent étre
utilisés pour la validation et nous devrions étre familiarisés avec ces résultats. Pour cette raison, une simple
cellule SRR (SplitRing Resonator) est fabriquée en trois tailles différentes, et toutes sont testées a I'aide de
I'objectif. Selon mes résultats, les lentilles diélectriques fabriquées sont capables de fournir des résultats
fiables jusqu'a 15 GHz. En d'autres termes, j'ai amélioré la limite de fréquence de 4 a 15 GHz.

Le scénario de rotation mécanique de la section de méta-matériaux devant I'antenne a un grand potentiel
pour étre utilisé avec des antennes innovantes dans les micro-ondes et les bandes de fréquences d'onde

millimétrique, ce qui peut étre notre travail futur.
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APPENDIX A: EXTRACTION METHOD

Transmission-reflection data or also called the S-parameters of a unit cell is one of the basic and most
important parameters that need to be determined. The latter is normally done with a full-wave
electromagnetic field solver. For most meta-material devices, the coupling effects between the meta-
material and surrounding structures cannot be neglected. That is the reason why a full-wave simulation
must be performed to obtain the exact electromagnetic fields. The S-parameter derivation in this thesis is
similar to the one done in [98] where authors use the Kramers—Kronig relations to ensure the uniqueness of
the solution. It should be mentioned that, in this thesis, the time—harmonic convention, exp(—jwt), is used.
That being said, the imaginary part of the refractive index must be positive for passive media. As the reader
already knows, it is not simply sufficient to find the S-parameter of the unit cell. There are several properties
that need to be calculated, namely, electric permittivity, wave impedance, refractive index, and magnetic
permeability. The aforementioned parameters are derived based on effective medium theory [104, 105].
To be more specific, in this theory the electromagnetic response of the complicated meta-material is
replaced by the response of a homogeneous isotropic or anisotropic slab. Physically justified constrains
need to be applied so that the theory will lead to unique solutions, not to forget the continuity of complex
electric permittivity and magnetic permeability with frequency. The effective derivation of the mentioned
parameters is essential for designing optimal meta-material unit cells via simulation. Generally speaking,
the electromagnetic behavior of most meta-material designs is anisotropic, requiring a tensor to properly
describe it. Electromagnetic field solutions can be derived at the price of very high computational measures.
To avoid this heavy cost, the meta-material geometry is initially optimized for a specific polarization and
angle.

There have been many contributions to literature for to retrieve the effective material parameters such as
[106-108]. All of these reported structures having advantages and disadvantages. The advantage of the
algorithm proposed in [106] is that the wave impedance and the imaginary part of the refractive index can
be uniquely determined from the S-parameters. The disadvantage, on the other hand, is that determining
the real part of the refractive index acquires a subtle iterative method based on a Taylor series. The
algorithm is also deficient in finding any effective material parameters for some frequency regions when
the usual passive material conditions are imposed. According to [107, 108] the magnetic and electric dipoles
induced in meta-materials are correlated. Hence, the passivity condition can be fulfilled even when the
imaginary components of permittivity and permeability components hold negative values. Relaxing this
condition is the key to calculate effective parameters when the algorithm proposed by authors in [106] fails

to calculate these effective parameters.
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The algorithm used in this paper is an enhanced version of the previous ones, which extracts the effective
magnetic permeability and electric permittivity of a composite electromagnetic structure from the available
measured transmission-reflection data. Specifically, the Kramers—Kronig relations are used to estimate the
real part of the refractive index in order to ensure the uniqueness of the effective parameters.

The Kramers—Kronig integrals, which relate the real and imaginary parts of a complex analytic function,
are fundamental physical relations. This mathematical relation is based on the principle of causality fully
discussed in [109], [110]. The Kramers—Kronig integrals have been used to calculate the refractive index
from measured absorption data conventional optical materials for instance [111]. Authors in [112] show
that the Kramers—Kronig relations hold for materials that have a negative index as well.

This algorithm which enforces the continuity of the refractive index versus frequency uses Kramers—Kronig
relation in order to estimate the real part of the refractive index from the imaginary part. This removes the
uncertainty that is named “branching problem” which affects only the real part of the refractive index. This
problem stems from the outputs of complex logarithmic multi valued function which brings about a
tremendous amount of ambiguity. The details of the algorithm can be found as per below.

The main data that is required for the algorithm to go through is the effective thickness d.;; and the
complex -parameters of the meta-material slab [106]. The latter needs to be measured for different
frequency points based on the interval of operation. In this thesis it is assumed that the meta-materials have
symmetrical geometry so the extra computations to derive the effective thickness are eliminated.

After finalizing the mechanism design, 3-D electromagnetic field solver is utilized so as to generate the S-
parameters of a meta-material slab. The fact that large frequency ranges can be covered in a single run is
the main reason why this algorithm is well suited to time-domain electromagnetic field solvers. The main
drawback of the time domain operations though is that the unwanted higher order modes can be captured
instead of the dominant mode, in case the observation spots are placed in the near field of the periodic meta-
material structure. This can lead to the wrong effective material parameter. Two preventive measures can
be taken in case this phenomenon occurs. First, put the observation spots far away from the surface. Second,
apply phase compensation techniques to recover for the phase deviation caused by the non-dominant
signals.

The S-parameters for a plane wave with normal incidence on a homogeneous slab, are given as per below

in [98] which depend on the wave impedance (Z, ;) and the refractive index (Nesf = nesp(w) + ikepr(w).

1— eiZNeff Kot
Sll F\;Ol(RO 12N kod eff) (A1)
1
i2N g kod
(1_ R201)(1_e' eff Ko eff) A
Slz - '2Neff Kodest ( )
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Zorr— 1 . . . L . .
where Ry, = ¢/ /Zeff 1 1) Merrls the refractive index, k. is the extinction coefficisent, k,is the

free-space wavenumber, andw is the angular frequency. Hence, we will have

_ (1+ S11)2 — S221 (A-3)

! - (1_ S11)2 - S221

e iNet Koegt — S 21 (A'4)
S

Next, the complex refractive index can be calculated as

1

Neff — {Im[ln( eiNeff Kodesr )] + Zmﬂ' _I Re[ln( eiNeff Kodest )]} (A_5)

0™ eff

where m is an integer denoting the branch index. the refractive index and the extinction coefficient can be

found as below,

_Im[In(e™ %] L2z _ o 2mz

eff = Negt +7—— (A-6)
kO d eff kO d eff I(0 d eff
« _—Relin(e™*™)] (A7)
" kOdeff

where nd parameter is the refractive index corresponding to the principal branch of the logarithmic

function. The imaginary part of the refractive index stays safe from branches of the logarithmic function.
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So it can be easily derived based on the previous derivations. Knowing the imaginary part of the refractive

index, we can determine the real part by applying the Kramers—Kronig relation as given in the following

n“(o) =1+= PJ' [t (a)) (A-8)
T C() a)

where P illustrates the principal value of the improper integral that is described in detail at [110]. The code
that is used to extract the effective constitutive parameters from the S-parameter data based on the above is
printed as follows:

%Input data
%load the S parameters
load choose = 1;
if load_choose == 0 %the S parameters of the homogeneous slab with 40 nm thickness
% path = 'd:\\Home\Cikk\EffParam_KK\Code\40nm\’;
%the effective thickness of the meta-material
% d_eff = 40e-9; %[m]
%else %the S parameters of the homogeneous slab with 200 nm thickness
% path = 'd:\\Home\Cikk\EffParam_KK\Code\200nm\';
%the effective thickness of the meta-material
d_eff =18*10"-3; %[m]

%end:;

S11 _abs =load([path 'S11_abs.txt1);
S11 phase = load([path 'S11_phase.txt7);
S21_abs =load([path 'S21_abs.txt1);
S21 phase = load([path 'S21_phase.txt7);
UnitFrec = 1e9;

for plotting

f min =0;

f max =10;

delta_f=1,

TextUnitFrec = 'GHZz"
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%%%%%%%%%%% % %% %% % %% % %% % %% %% % %% % %% % %% %% %% %% %
%permittivity of free space
eps_0 = 8.85418e-12; % [F/m]
%permeability of free space
mu_0 =1.2566e-6; % [H/m]
%the speed of light
speed_c = 1.0/sqrt(eps_0*mu_0);
n_S11 abs = length(S11_abs);
%search for frequencies larger than zero
ind_frec =1;
fori=1:n_S11 abs

if(S11_abs(i,1) > 1.0e-16)

ind_frec=1;
break;

end;
end;
frec =S11 abs(ind_frec:n_S11_abs,1);
n_frec = length(frec);
%frequency in rad/s
omega = 2.0*pi*frec*UnitFrec;
%wavenumber in 1/m
kO = omega/speed_c;

%calculate the complex S parameters

S11 = S11 abs(ind_frec:n_S11 abs,2).*(cos(S11_phase(ind_frec:n_S11 abs,2)*pi/180) - sqrt(-
1)*sin(S11_phase(ind_frec:n_S11_abs,2)*pi/180));
S21 = S21 abs(ind_frec:n_S11 abs,2).*(cos(S21_phase(ind_frec:n_S11_abs,2)*pi/180) - sqrt(-

1)*sin(S21_phase(ind_frec:n_S11_abs,2)*pi/180));
%%%%%%%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %% %
%Step - 4 calculate the wave impedance
Z eff =sqrt( ((1.0 + S11)./2 - S21.72)./((1.0 - S11).~2 - S21.72) );
exp_ink0d = S21./( 1.0 - S11.*((Z_eff - 1.0)./(Z_eff + 1.0)));
%choose the proper sign for re(Z_eff) and im(n)
fori=1:n frec
re_Z eff =real(Z_eff(i));
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if (abs(re_Z_eff) > 1e-2) %if the magnitude of Z_eff is large enough
if (re_Z eff<0)
Z_eff(i) = -Z_eff(i);
exp_ink0d(i) = S21(i)./( 1.0 - S11(i).*((Z_eff(i) - 1.0)./(Z_eff(i) + 1.0)));
end;
else
if (abs(exp_ink0d(i)) > 1.0)
Z_eff(i) = -Z_eff(i);
exp_ink0d(i) = S21(i)./( 1.0 - S11(i).*((Z_eff(i) - 1.0)./(Z_eff(i) + 1.0)));
end;
end;
end;
%%%%%%0%%% %% % %% %% % %% % %% % %% %% % %% % %% % %% %% %% %%
%Step - 5 calculate the complex refractive index
logExp_ink0d = log(exp_ink0d);
n_eff = (imag(logExp_ink0d) - sqrt(-1)*real(logExp_ink0d))./(k0*d_eff);
%%%%%%%%%0%%% %% %% % %% % %% % %% %% % %% %% %% %% %% %% %% %
%Step - 6 Apply Kramers-Kronig relations to approximate the real part of
%the refractive index from the imaginary part
%auxiliary variable
imag_n = imag(n_eff);
%stores the real part of N

n_re_KK = zeros(n_frec,1);

%it is supposed that the frec is equispaced

delta_omega = omega(2)-omega(1);

%Evaluate the Kramers Kronig integral with trapeze rule
%Calculate the first element

term_a = imag_n(2)*omega(2)/(omega(2)"2 - omega(1)"2);
for i =2:n_frec-1

%trapeze rule for integration

term_b = imag_n(i+1)*omega(i+1)/(omega(i+1)"2 - omega(1)"2);
n_re_KK(1) =n_re_KK(1) +term_a + term_b;
term_a =term_b;
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end;
n_re KK(1) = 1.0 + delta_omega/pi*n_re_KK(1);
%Calculate the last element
term_a = imag_n(1)*omega(1)/(omega(1)"2-omega(n_frec)"2);
fori=1:n_frec-2
%trapeze rule for integration
term_b = imag_n(i+1)*omega(i+1)/(omega(i+1)"2-omega(n_frec)"2);
n_re_KK(n_frec) =n_re_KK(n_frec) + term_a + term_b;
term_a =term_b;
end;
n_re_KK(n_frec) = 1.0 + delta_omega/pi*n_re_KK(n_frec);
%Calculate the middle elements
fori=2:n_frec-1;

n_re_KK(i) = 0.0;
term_a = imag_n(1)*omega(1)/(omega(1)"2 - omega(i)*2);
forj=1:i-2

%trapeze rule for integration
term_b  =imag_n(j+1)*omega(j+1)/(omega(j+1)"2 - omega(i)"2);
n_re_ KK(i) = n_re_KK(i) + term_a + term_b;
term_a =term_b;
end;
term_a = imag_n(i+1)*omega(i+1)/(omega(i+1)"2-omega(i)"2);
forj =i+1l:n_frec-1
Y%trapeze rule for integration
term_b  =imag_n(j+1)*omega(j+1)/(omega(j+1)"2-omega(i)"2);
n_re_KK(i) = n_re_KK(i) + term_a + term_b;
term_a =term_b;
end;
n_re_KK(i) = 1.0 + delta_omega/pi*n_re_KK(i);
end;
%End apply Kramers-Kronig relations
%%%%%%%%% %% % %% %% % %% %% %% %% %% % %% %% %% %% %% % %%
%Step - 7 calculate the branch number m
m_branch = round( (n_re_KK - real(n_eff)).*k0*d_eff/(2.0*pi) );
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%store the -2, -1, 0, 1, 2 branches for plotting
n_eff 0 =real(n_eff);
n_eff 1 =n_eff 0+2.0*pi*1./(k0*d_eff);
n_eff_minl =n_eff 0+ 2.0*pi*(-1)./(k0*d_eff);
n_eff 2 =n_eff 0+ 2.0*pi*2./(k0*d_eff);
n_eff_min2 = n_eff_0 + 2.0*pi*(-2)./(k0*d_eff);
%Step - 8 calculate the real part of n with the branch
n_eff =n_eff + 2.0*pi*m_branch./(k0*d_eff);
%%%%%%%% % %% % %% %% % %% % %% % %% % %% %% % %% % %% %% %% %%
%Step - 9 calculate eps and mu
eps_eff = conj(n_eff./Z_eff);
mu_eff = conj(n_eff.*Z_eff);
%%%%%%0%%% %% % %% %% % %% % %% % %% %% % %% %% %% %% %% %% %% %
Step - 10 plot the results
plot the S parameters amplitude
figure
set(gcf,'Color','w";
plot(frec,S11 abs(ind_frec:n_S11 abs,2),'Color','r','Linewidth’,2);
hold on;
plot(frec,S21 abs(ind_frec:n_S11 abs,2),'Color','b','Linewidth',2);
axis([f_minf_max 0 1])
set(gca,'XTick',f_min:delta_f:f _max);
set(gca,"YTick',0:0.2:1.0);
grid on;
set(gca,'FontSize',14);
xlabel(['Frequency (', TextUnitFrec, )],'FontSize',16);
ylabel('Magnitude of S ','FontSize',16);
legend(\itS\rm_1_1'\itS\rm_2_1";
plot the S parameters phase
figure
set(gcf,'Color','w";
plot(frec,S11 phase(ind_frec:n_S11 abs,2),'r','Linewidth’,2);
hold on;
plot(frec,S21_phase(ind_frec:n_S11_abs,2),'b','Linewidth’,2);
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axis([f_min f_max -180 180])

set(gca,' XTick',f_min:delta_f:f _max);

set(gca,"YTick',-180:60:180);

grid on;

set(gca,'FontSize',14);

xlabel(['Frequency (', TextUnitFrec, ')],'FontSize',16);
ylabel('Phase of S ','FontSize’,16);

legend(\itS\rm_1_1'\itS\rm_2_1";

plot the wave impedance Z
figure

set(gcf,'Color','w";
plot(frec,real(Z_eff),'r','Linewidth’,2);
hold on;
plot(frec,imag(Z_eff),'b','Linewidth',2);
grid on;
axis([f_ minf_max -7 7])
set(gca,'XTick',f_min:delta_f:f _max);
set(gca,'YTick',-7:3.5:7);
set(gca,'FontSize',14);
xlabel(['Frequency (', TextUnitFrec, )],'FontSize',16);
ylabel(\itZ\rm_{eff}','FontSize',16);
legend('Re(\itZ\rm_{eff})",'Im(\itz\rm_{eff})";

plot the refractive index N

figure
set(gcf,'Color','w";
plot(frec,imag(n_eff),'b','Linewidth’,2); %imaginary part
hold on;
plot(frec,n_re_ KK,'k','Linewidth',2);  %the Kramers Kronig approximation
plot(frec,real(n_eff),'r','Linewidth’,2); %the real part
%several branches to see what is happening
%plot(frec,n_eff_min2,"",'Color',[0 0.7 0],'Linewidth’,2);
%plot(frec,n_eff_minl,"",'Color',[0.5 0.5 0.5],'Linewidth’,2);
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%plot(frec,n_eff _0,"','Color',[0.078431372549020 0.168627450980392
0.549019607843137],'Linewidth',2);
%plot(frec,n_eff 1,"''Color',[0.7 0 0],'Linewidth’,2);
%plot(frec,n_eff 2,"','Color',[1 0.6 0.2],'Linewidth’,2);
%plot(frec,real(n_eff),'r','Linewidth’,2); %the real part again
axis([f_min f_max -30 30])
set(gca,' XTick',f_min:delta_f:f_max);
set(gca,"YTick',-30:0.8:30);
grid off;
set(gca,'FontSize',14);
xlabel(['Frequency (', TextUnitFrec, )],'FontSize',16);
ylabel(\itN\rm_{eff} ','FontSize',16);
legend(\kappa_{eff}' \itn\rm*"K~K' \itn_{eff});
plot the branch number m
figure
set(gcf,'Color','w";
plot(frec,m_branch,'r','Linewidth',2);
axis([f_min f_max -10 10])
grid on;
set(gca,'XTick',f_min:delta_f:f _max);
set(gca,"YTick',-10:0.5:10);
set(gca,'FontSize',14);
xlabel(['Frequency (', TextUnitFrec, )],'FontSize',16);
ylabel(\itm\rm_{branch}','FontSize',16);
plot the effective electric permittivity and magnetic permeability
figure;
set(gcf,'Color','w";
%eps
plot(frec,real(eps_eff),'r','Linewidth',5);
hold on;
plot(frec,-imag(eps_eff),'b','Linewidth',2);
%mu
plot(frec,real(mu_eff),'k’,'Linewidth',5);
plot(frec,-imag(mu_eff),'Color',[0 0.7 0],'Linewidth’,2);
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axis([f_min f_max -40 40]);

set(gca,' XTick',f_min:delta_f:f _max);

set(gca,"YTick',-40:1: 40);

grid on;

set(gca,'FontSize',14);

xlabel(['Frequency (', TextUnitFrec, )'],'FontSize',16);
ylabel(\epsilon_{eff} , \mu_{eff} ''FontSize',18);
legend('Re(\epsilon_{eff})",'Im(\epsilon_{eff})',Re(\mu_{eff})','Im(\mu_{eff}));
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APPENDIX B: Calibration Procedure

Calibration is an essential part of any measurement system that ensures the results are reliable. In this
Appendix, we explain the details of the calibration for measurement of the S-Parameters. Before the
measurement, the full two-port calibration procedure is applied to the network analyzer with the cables
attached to the ports. Moreover, the measured data is calibrated using a conventional method. To reach that
purpose, the meta-material prototype is replaced once with a copper sheet, and once with an absorber and
the S-parameters are measured. One more measurement is done when there is nothing in the place of the
meta-material prototype. All the measured data are used in the final measurement results using the equations
B-1 to B-4.

| S11 | _l Sll,ABSORBERl

| Sll,FINAL |: S | (B-1)

11,COPPER | _l S11,ABSORBER
arg( S11,F|NA|_) =arg(S,;) —arg( Sll,COPPER) — 7T (B-2)

| S12 | - | SlZ,COPPER |

| SlZ,FINAL = 'S | (B-3)

12,NULL | - | SlZ,COPPER

arg( SlZ,FINAL) = arg( S12) - arg(slz,NULL) (B-4)

In these equations, the subscripts COPPER and ABSORBER are used for the measured S-parameters of the
copper sheet and the absorber material, and the subscript NULL is used for the case when there is nothing
in the place of the prototype. The S-parameters with no subscripts are the initial measurement results for
the meta-material prototype, and finally the subscript FINAL is for the calibrated results that should be

compared to the simulation data.
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